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Abstract

:

Algae are a complex, polyphyletic group of organisms, affordable and naturally rich in nutrients, but also valuable sources of structurally diverse bioactive substances such as natural pigments. The aim of this work was to evaluate the polar and non-polar pigment contents of different commercial dried algae (brown: Himanthalia elongata, Undaria pinnatifida, Laminaria ochroleuca; red: Porphyra spp.; and a blue-green microalga: Spirulina spp.). The pigment extraction was carried out using different solvents (100% methanol, 100% methanol acid free, 100% ethanol, 90% acetone, N,N-dimethylformamide, dimethyl sulfoxide-water (4:1, v/v) and pH 6.8 phosphate buffer), selected according to their affinity for each class of pigments. Acetone proved to be an efficient solvent to extract chlorophylls from brown and red algae, but not from Spirulina spp. Porphyra spp. presented considerably higher levels of all pigments compared to brown algae, although Spirulina spp. presented significantly higher (p < 0.05) levels of chlorophylls, carotenoids and phycobiliproteins, compared to all macroalgae. The content of fucoxanthin extracted from the three brown algae was highly correlated to the carotenoid content. Within this group, Himanthalia elongata presented the highest fucoxanthin/total carotenoids ratio. Although the yield of extraction depended on the solvent used, the algae studied herein are an interesting source of pigments of great value for a wide range of applications.
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1. Introduction


The oceans cover more than 70% of the Earth’s surface and contain a wide diversity of species (approximately half of the total global biodiversity), including marine algae [1,2]. Algae are a complex, polyphyletic group of (mostly) photoautotrophic organisms that include prokaryotic and eukaryotic members. With over 40,000 species already identified, algae are currently classified into several taxonomic groups such as Chlorophyceae (green algae), Rhodophyceae (red algae), Phaeophyceae (brown algae), Cyanophyceae (cyanobacteria), Xanthophyceae (yellow-green algae), Bacillariophyceae (diatoms) and Dinophyceae (dinoflagellates) [2,3].



Due to their global distribution, accessibility, diversity and nutritional value, algae have been a traditional food source for thousands of years, especially in Asian countries. However, recently, the interest by Western cultures has been growing since algae started to be seen not only as affordable products and naturally rich in nutrients (such as proteins, dietary fiber, polyunsaturated fatty acids, minerals and vitamins), but also as valuable sources of structurally diverse bioactive substances (e.g., polysaccharides, phenolic compounds, or natural pigments) with potential health benefits [2,4]. In fact, a wide range of bioactivities have been described for these compounds, such as anti-hyperlipidemic [5,6], anti-obesity [7,8], anti-diabetic [9,10], antioxidant [11,12], anti-inflammatory [13,14,15], antiviral [16,17], antibacterial [18,19,20], antitumoral [21,22], antiallergic [23,24], neuroprotective [25,26], cardiovascular protective [27,28], among others.



In the last few years, the interest in the natural pigments has been growing exponentially not only due to their pharmaceutical and biomedical potential [7,13,15,18,21,22,23,25,29], but also because they can be used as substitutes of artificial dyes/colorants [29,30,31]. The basic classes of pigments found in algae are chlorophylls, carotenoids and phycobiliproteins, characteristics that contribute to cluster algae in different phyla since they are, respectively, the most prevalent pigments in Chlorophyceae, Ochrophyta and Rhodophyceae. In Cyanobacteria, phycocyanin is the most common pigment [2,32,33].



Chlorophylls (chls) are greenish, non-polar pigments which contain a porphyrin or hydroporphyrin rings centrally bound to a magnesium atom found in all autotrophic algae, since they allow the conversion of light into biological energy. Figure 1 shows the four kinds of chls present in marine algae: Chl a, the major and most important chl for photosynthesis, and chls b, c and d [34,35].



Carotenoids are also non-polar pigments and play a key role in photoprotection by inactivating reactive oxygen species (ROS) formed during light exposure. Structurally, they belong to the terpenoid class of pigments and have highly conjugated polyene chains which give them distinct colors such as purple, red, orange or yellow. They can be classified into two different groups: carotenes, which are unsaturated hydrocarbons (e.g., β-carotene and lycopene); and xanthophylls, which are very similar to carotenes but have, at least, one functional group containing oxygen (e.g., lutein, zeaxanthin, and fucoxanthin) [36]. Fucoxanthin (Figure 2) is one of the most abundant carotenoids (approximately 10% of the estimated total production of carotenoids in nature) and is the pigment that confers the color to brown algae [37].



Phycobiliproteins are a group of water-soluble fluorescent compounds composed of proteins covalently bound to linear tetrapyrroles known as phycobilins and are used as accessory pigments for photosynthetic light collection [38]. In cyanobacteria, such as Spirulina, and red algae, where they can represent up to 40–50% of the total cellular proteins, phycobiliproteins can be divided into four major categories according to their spectral properties: phycoerythrin (purple), phycocyanin (blue), allophycocyanin (bluish green), and phycoerythrocyanin (purple) [39]. Phycocyanin from Spirulina spp. and phycoerythrin from Porphyridium spp. are two of the most commercially produced phycobiliproteins. Figure 3 represents the respective phycobilins: Phycocyanobilin and phycoerythrobilin.



To study the biological potential of these pigments and evaluate the possibility of incorporating them in functional foods or cosmetics, the choice of a good extraction method is of extreme importance. Therefore, one of the keys to maximize the pigments extraction and to achieve fast, reliable, and environmentally and economically friendly extraction processes, is centered on the type of solvent selected. Different algae possess different accessibilities, and different pigments also contain different solubilities [40,41,42,43,44]. As already mentioned, chlorophylls and carotenoids are non-polar pigments, while phycobiliproteins are water-soluble. Hence, the first ones are better extracted with organic solvents and the last with diluted buffers [41,43]. For the extraction of chlorophylls from algae, N,N-dimethylformamide (DMF), methanol, ethanol, and acetone are frequently used (the last three in different proportions) [41]. Of these, DMF has generally demonstrated to be the most efficient, due to its effectiveness to penetrate membranes on intact algal parts and due to the high stability of chlorophylls in it [41,44,45]. However, this solvent is quite toxic and is not normally recommended [41,44,46]. Methanol and ethanol are recognized as efficient extractants even from more resistant samples, and ethanol in particular has the advantage of being a practical, safer, and economical solvent. Though, the acidity of these alcohols promotes the formation of chlorophyll degradation products which, besides decreasing chlorophylls levels in extracts, also interfere in their determinations [41,44,46,47]. These interferences can be detected in acetone extracts and in addition to this disadvantage, acetone can also be a poor extractant of chlorophylls from various plants and algae (namely green and blue-green algae). Despite that, in spectrophotometric assays, acetone provides very sharp peaks and for this reason is quite used for chlorophyll determinations [41,46,47]. Thus, as can be observed, all of these solvents have their advantages and disadvantages and the selection of the best solvent is quite dependent on the seaweed species under study. For carotenoids extraction, the use of 100% methanol is recommended [41]. For the carotenoid fucoxanthin extraction from brown algae, a solvent generally used is dimethyl sulfoxide (DMSO) due to its quick ability to penetrate the tissues of brown algae and hence to extract the pigment [41,48]. Finally, contrary to chlorophylls, the solvent of choice to extract phycobiliproteins (phosphate buffer) is well established and documented in several studies [41,49,50,51,52,53,54].



The aim of this study was to evaluate the content of non-polar pigments (chlorophylls, total carotenoids and fucoxanthin) and polar ones (phycoerythrin and phycocyanin) from three brown edible algae (Himanthalia elongata, Laminaria ochroleuca (Kombu), Undaria pinnatifida (Wakame)), a red one (Porphyra spp. (Nori)), and a microalga (Spirulina spp.), using a spectrophotometric technique. These algae were selected because all of them grow easily in the Atlantic Ocean and represent a source of commercial value, being used not only in food industry, but also in cosmetic and pharmaceutical fields due to their biological properties [6,9,28,32,33,34,40,55,56,57,58,59]. Some of their bioactivities might be attributed to their high pigment contents, which should, therefore, be ascertained for each of these algae. Moreover, this study also aimed to ascertain the best solvent to extract chlorophylls from these different species of seaweeds. The selection of the solvents used for pigments extraction was based on their affinity for each one and taking into account the existence of well-established equations for those solvents that would allow the spectrophotometric determinations of these pigments.




2. Materials and Methods


2.1. Reagents


Methanol, ethanol and acetone were all obtained from Fisher Chemical (Loughborough, England). N,N-dimethylformamide (DMF) was purchased from Fluka (Seelze, Germany). Dimethyl sulfoxide (DMSO) was from Sigma-Aldrich (Saint Louis, MO, USA). Sodium azide (NaN3) was from Honeywell Riedel-de-Haën (Seelze, Germany). Disodium hydrogen phosphate (Na2HPO4) and sodium tetraborate decahydrate (Na2B4O7·10H2O) were from Merck (Darmstadt, Germany). Potassium carbonate was from Panreac (Barcelona, Spain). Acid-free methanol was prepared by adding magnesium carbonate to methanol (kept at 4 °C after preparation). Phosphate buffer (pH 6.8) was prepared with 10 mM Na2HPO4, 10 mM Na2B4O7·10H2O and 5 mM NaN3. Ultrapure water, used to prepare DMSO–water (4:1, v/v), was treated in a Milli-Q water purification system (Millipore, Bedford, MA, USA).




2.2. Samples


Samples of three brown macroalgae (Himanthalia elongata, Undaria pinnatifida and Laminaria ochroleuca), one red seaweed (Porphyra spp.) and the microalgae Spirulina spp. were kindly supplied by a food company (ALGAS ATLÂNTICAS ALGAMAR, Pontevedra, Spain). The edible algae were harvested from the Atlantic North coast, dried and packaged into plastic bags by ALGAMAR. Before analyses, the samples were removed from the bags, crudely cut into pieces of 1 cm or less using scissors, and ground in a Grindomix GM 200 (Retsch, Haan, Germany) to pass through a 1-mm sieve.




2.3. Pigments Extraction


All the extractions were carried out in triplicate using different solvents (10 mL each), selected based on their affinity for each class of pigments, by vortexing for 1 min (VWR International, Darmstadt, Germany) at room temperature and protected from light. Sample mass varied with the type of algae: 100 mg for brown algae, 25 mg for red algae, and 10 mg for the microalgae. Chlorophylls were extracted with 100% methanol, 100% methanol acid free, 100% ethanol, 90% acetone and N,N-dimethylformamide (DMF); total carotenoids with methanol and methanol acid free; and fucoxanthin (in brown algae) with DMSO-water (4:1, v/v). The polar pigments phycoerythrin and phycocyanin from the red seaweed (Porphyra spp.) and from the microalgae (Spirulina spp.) were extracted with phosphate buffer pH 6.8, according to previous published methodologies [49,50,51]. The extracts were then centrifuged at 2500 rpm for 10 min (Heraeus Sepatech Labofuge Ae, Haraeus Instruments, Germany) and the collected supernatant was subjected to another centrifugation (5000 rpm for 5 min). The absorbance of the supernatant was read, in triplicate, in a UV-1800 ultraviolet-visible spectrophotometer (Shimadzu, Japan), with quartz cuvettes, at the wavelengths corresponding to the maximum absorption of the pigments under study, according to the literature [60]. For the the determination of the pigments’ content, the equations described below were used, and the results were expressed in μg/g of algae [41,47].



2.3.1. 100%. Methanol


	
    Chl   a     (   μ g / mL   )   = − 2.0780 ×   (   A  632      − A    750    )   − 6.5079 ×   (   A  652      − A    750    )   + 16.2127 ×   (   A  665      − A    750    )   − 2.1372 ×   (   A  696      − A    750    )     ( ± 0.0070 )    



	
    Chl   b     (   μ g / mL   )   = − 2.9450 ×   (   A  632      − A    750    )   − 32.1228 ×   (   A  652      − A    750    )   + 13.8255 ×   (   A  665      − A    750    )   − 3.0097 ×   (   A  696      − A    750    )     (   ± 0.0212   )    



	
    Chl   c     (   μ g / mL   )   = 34.0115 ×   (   A  632      − A    750    )   − 12.7873 ×   (   A  652      − A    750    )   + 1.4489 ×   (   A  665      − A    750    )   − 2.5812 ×   (   A  696      − A    750    )     ( ± 0.0120 )    



	
    Chl   d     (   μ g / mL   )   = − 0.3411 ×   (   A  632      − A    750    )   + 0.1129 −   (   A  652      − A    750    )   − 0.2538 ×   (   A  665      − A    750    )   + 12.9508 ×   (   A  696      − A    750    )     ( ± 0.0031 )    



	
    Total   Chl     (   μ g / mL   )   = Chl   a + Chl   b + Chl   c + Chl   d    



	
    Carotenoids     (   μ g / mL   )   = 4 ×   (   A  480      − A    750    )    







2.3.2. 100%. Ethanol


	
    Chl   a     (   μ g / mL   )   = 0.0604 ×   (   A  632      − A    750    )   − 4.5224 ×   (   A  649      − A    750    )   + 13.2969 ×   (   A  665      − A    750    )   − 1.7453 ×   (   A  696      − A    750    )     ( ± 0.0053 )    



	
    Chl   b     (   μ g / mL   )   = − 4.1982 ×   (   A  632      − A    750    )   + 25.7205 ×   (   A  649      − A    750    )   − 7.4096 ×   (   A  665      − A    750    )   − 2.7418 ×   (   A  696      − A    750    )     ( ± 0.0142 )    



	
    Chl   c     (   μ g / mL   )   = 28.4593 ×   (   A  632      − A    750    )   − 9.9944 ×   (   A  649      − A    750    )   − 1.9344 ×   (   A  665      − A    750    )   − 1.8093 ×   (   A  696      − A    750    )     ( ± 0.0084 )    



	
    Chl   d     (   μ g / mL   )   = − 0.2007 ×   (   A  632      − A    750    )   + 0.0848 ×   (   A  649      − A    750    )   − 0.1909 ×   (   A  665      − A    750    )   + 12.1302 ×   (   A  696      − A    750    )     ( ± 0.0023 )    



	
    Total   Chl     (   μ g / mL   )   = Chl   a + Chl   b + Chl   c + Chl   d    







2.3.3. 90%. Acetone


	
    Chl   a     (   μ g / mL   )   = − 0.3319 ×   (   A  630      − A    750    )   − 1.7485 ×   (   A  647      − A    750    )   + 11.9442 ×   (   A  664      − A    750    )   − 1.4306 ×   (   A  691      − A    750    )     ( ± 0.0020 )    



	
    Chl   b     (   μ g / mL   )   = − 1.2825 ×   (   A  630      − A    750    )   − 19.8839 ×   (   A  647      − A    750    )   − 4.8860 ×   (   A  664      − A    750    )   − 2.3416 ×   (   A  691      − A    750    )     ( ± 0.0076 )    



	
    Chl   c     (   μ g / mL   )   = 23.5902 ×   (   A  630      − A    750    )   − 7.8516 ×   (   A  647      − A    750    )   − 1.5214 ×   (   A  664      − A    750    )   − 1.7443 ×   (   A  691      − A    750    )     ( ± 0.0075 )    



	
    Chl   d     (   μ g / mL   )   = − 0.5881 ×   (   A  630      − A    750    )   + 0.0902 ×   (   A  647      − A    750    )   − 0.1564 ×   (   A  664      − A    750    )   + 11.0473 ×   (   A  691      − A    750    )     ( ± 0.0030 )    



	
    Total   Chl     (   μ g / mL   )   = Chl   a + Chl   b + Chl   c + Chl   d    







2.3.4. 100%. N,N-Dimethylformamide (DMF)


	
    Chl   a     (   μ g / mL   )   = 12.70 ×   (   A  664.5      − A    750    )   − 2.79 ×   (   A  647      − A    750    )    



	
    Chl   b     (   μ g / mL   )   = 20.70 ×   (   A  647      − A    750    )   − 4.62 ×   (   A  664.5        − A    750    )    



	
    Total   Chl     (   μ g / mL   )   = Chl   a + Chl   b    







2.3.5. DMSO:-Water (4:1, v/v)


	
    Fucoxanthin     (   μ g / mL   )   = 7.69 ×   (   A  480      − A    750    )   − 5.55 × [   (   A  631      − A    750    )   +   (   A  582      − A    750    )   − 0.297 ×   (   A  665      − A    750    )   ] − 0.377 ×   (   A  665      − A    750    )    







2.3.6. Phosphate Buffer (pH = 6.8)


	
    Phycoerythrin     (   μ g / mL   )   =     A  565      − A    750        2.41 × 10   6       × 240,000 × 10   3    



	
    Phycocyanin     (   μ g / mL   )   =     A  618      − A    750        1.90 × 10   6       × 264,000 × 10   3    








2.4. Statistical Analysis


Statistical analysis was performed using IBM SPSS v. 25 (IBM Corp., USA). Data are expressed as mean ± standard deviation (n = 9). One-way ANOVA was used to assess significant differences between samples, followed by Tukey’s HSD to make pairwise comparisons between means. The level of significance for all hypothesis tests (p) was 0.05.





3. Results and Discussion


Chlorophylls and carotenoids contents obtained from the different algae using the selected solvents are presented in Table 1. Acetone was the most efficient solvent to extract chlorophylls from the three brown algae. However, for the red one and the microalgae, the highest chlorophylls content was achieved, respectively, with acid-free methanol and methanol. For Spirulina spp., acetone was a less effective solvent for chlorophylls extraction, overcoming ethanol only, which presented the lowest values. On the one hand, it is well established that acetone is normally the solvent of choice for chlorophyll determination due to the very distinct chlorophyll absorption peaks achieved when using this solvent. On the other hand, it has also been described that this solvent might be a poor extractant of chlorophylls from some algae, namely green and blue-green algae [41,46,61], thus explaining the lower results verified for the acetone extracts of Spirulina spp. Interestingly, the total amount of chlorophylls extracted from the red seaweed (Porphyra spp.) does not seem to have been affected by the type of solvent used, since there were no significant differences (p > 0.05) between the extracts obtained by the majority of solvents used (except ethanol, for which significantly lower values were observed). Nevertheless, significant differences (p < 0.05) were found when considering the content of each chlorophyll individually. According to Dasgupta (2015), red algae contain chls a and d, but not chls b and c [62]. Chl c was not detected in any extract from Porphyra spp., but a small amount of chl b (7.2 ± 0.4 μg/g of algae) was detected in the acetonic extract. However, this value cannot be taken into account since the quadrichroic equations used for acetone, although more reliable than the equations used for methanol, can provide low chl b values in samples that do not contain this pigment [41,47]. Indeed, it has been described that chlorophyll values might be affected in acetone and alcohol extracts since these solvents are often highly acidic, leading to the degradation of chlorophyll. The degradation occurs because, at low pH, chlorophyll may loss magnesium ions (Mg2+), resulting in pheophytin, or may uptake oxygen, resulting in allomerization products [63,64]. These degradation products are spectrally different from chlorophylls, thus interfering with all chlorophyll determinations. This leads to an enlarged peak of chl a and, consequently, in lower and wider peaks for the remaining chlorophylls (chls b, c and d) [41,47]. Moreover, although pheophytin and allomerization products might be present in both acetone and alcohol extracts, its presence is severely and negatively notorious in methanol extracts, and, particularly, in chl b determination. However, if these solvents are neutralized, especially methanol, the formation of these products can be avoided [41,47]. For this reason, in this study, the extraction of chlorophylls from the different algae was made using both methanol and neutralized methanol (acid-free methanol) in order to compare the efficiency of both solvents. Hence, it was possible to observe that, in general, the content of chl a was inferior in methanol acid-free extracts, being significantly lower in Laminaria ochroleuca acid-free methanol extracts. Contrariwise, the contents of chls b, c and d, when detected, were higher in the acid-free methanol extracts obtained from all the algae studied, with significant differences between the two solvents found for almost all of the samples. Therefore, these results show that, effectively, the acidity of methanol may have led to the formation of pheophytin and allomerization products, resulting in false higher values of chl a counterbalanced with false lower values of chls b, c and d in methanol extracts. In particular, Laminaria ochroleuca appeared to be the seaweed most affected by the acidity of methanol, since significant differences were found for all chlorophyll pigments (a, b, c and d). N,N-dimethylformamide (DMF) also seems to be a good extraction solvent for all the samples since the extracts presented the second higher contents of chlorophylls. This can be explained by the fact that chlorophyll is quite stable in this solvent [41], thus not occurring the degradation verified with the other solvents. However, the total content of chlorophylls in DMF extracts might be underestimated once only chls a and b were determined. To the best of our knowledge, no equation has been developed for the determination of chls c and d. Therefore, in further studies it would be interesting to ascertain if it is possible to develop equations that allow the simultaneous determination of chls a, b, c and d in DMF extracts. This would allow comparing results obtained using the different solvents in a more accurate manner. In contrast to the higher results observed for DMF extracts, the ethanolic ones presented the lowest content in chlorophylls for all the algae, except for Himanthalia elongata, which had results that were slightly higher (but not significantly different, p > 0.05) than methanol and acid-free methanol extracts. This might be related to the fact that ethanol is a weak inhibitor of chlorophyllase activity [41]. Thus, the hydrolysis of chlorophylls to the corresponding chlorophyllides and the subsequent degradation products might have led to the lowering of chlorophylls content in the sample, and, consequently, to the low results observed for ethanol extracts. However, the acidity of ethanol might have also influenced the results [41]. As already aforementioned, the acidity of alcohols may lead to the formation of pheophytin and allomerization products of chlorophylls which spectrally interfere with chlorophyll determination. Although these interferents are described to be more present in methanolic extracts, they might also have been formed in the ethanolic ones, possibly affecting the results [41]. In future studies, it would be interesting to investigate if any of these factors effectively affect the extraction of chlorophylls by ethanol. For instance, the chlorophyllase activity assay or the removal of chlorophyllase from the extracts through methodologies already described in the literature (e.g., filtration, centrifugation or denaturation at 60 °C) could be performed to explore the influence of this enzyme in the obtained results [41]. Moreover, it would be of interest to evaluate the influence of ethanol acidity on chlorophylls extraction as well, by comparing an ethanolic acid-free extract with an ethanolic extract, as herein performed for methanol.



The ethanolic extracts presented significant differences (p < 0.05) compared to the remaining solvent extracts, especially for Porphyra spp. and Spirulina spp. This may have different explanations, including the above-mentioned presence of chlorophylls degradation products. It may also be related with the high protein content of these two samples, namely the high content of phycobiliproteins. In addition, according to some studies, ethanol may precipitate proteins and, consequently, interfere with chlorophylls determination [65,66]. Another possibility is based on their cellular structure. Both Porphyra spp. and Spirulina spp. cells are much more accessible to solvent penetration than brown algae cells, as the walls of the latter are chemically and physically more complex than the former ones, thus hindering the action of the solvents [67]. Consequently, the higher permeation of the solvent in the red seaweed and microalgae cells may have led to a higher extraction yield of pigments, thus explaining the highest values obtained with all solvents used. However, for the ethanol extracts, the potential protein precipitation may also explain the significant differences observed between the extracts obtained from Porphyra spp. and Spirulina spp. using this solvent compared with the three brown algae. In all cases, a chromatographic analysis would be useful for the identification and quantification of chlorophyll degradation products.



Regarding the total carotenoid content, significant differences (p < 0.05) between methanol and acid-free methanol extracts were found only for Himanthalia elongate (significantly higher (p < 0.05) contents in acid-free methanol extracts). Therefore, globally, the neutralization of methanol does not seem to have influenced the yield of carotenoids extraction from algae.



The extracts presenting the highest contents of total chlorophylls and total carotenoids for each of the algae are shown in Table 2. It can be observed that microalgae (Spirulina spp.) presented the highest contents of both non-polar pigments, with values significantly different from all the studied macroalgae. In fact, it has been described that microalgae present one of the highest chlorophyll contents in nature [62]. Moreover, high contents of carotenoids are also described for microalgae, namely β-carotene, zeaxanthin and myxoxantophyll [68,69]. In fact, if roughly hypothesized, the total carotenoid contents obtained for the brown algae based on microalgae values, it would be expected to find much higher values for brown algae than those obtained, since carotenoids, particularly fucoxanthin, are responsible for their characteristic brown color [37,62,67]. Nevertheless, the comparison of the results obtained between algae from different taxonomic groups has to be cautiously analyzed, due to the variety of internal and external parameters that may influence their composition. Therefore, besides the inherent characteristics of each species, environmental factors to which algae are exposed in their normal ecosystem, such as light, temperature, salinity and seawater chemical composition may also affect their pigment contents [70,71]. For example, it has been reported that the carotenoids content in Macrocystis pyrifera, a brown species, is influenced by temperature, being higher at colder temperatures (12 °C). Besides, while Himanthalia elongata can be found on the lower mediolittoral zone, Laminaria species are present at the bottom of the rocky shore [70]. Thus, although all the samples studied are from the Atlantic North coast, a variety of factors might have influenced their pigment composition, leading to the different results observed.



Concerning the content of fucoxanthin extracted from the three brown algae (Table 3), significant differences (p < 0.05) were found between all of them and, as observed for total carotenoids content, Undaria pinnatifida presented the highest content of fucoxanthin, while Himanthalia elongata showed the lowest one. In fact, total carotenoids and fucoxanthin contents are highly correlated (at a significance level of 0.01), thus indicating that fucoxanthin represents an important carotenoid in brown algae, as described in the literature [37]. Within the carotenoids class, fucoxanthin represented 96% of total carotenoids extracted from Himanthalia elongata. Other carotenoids rather than fucoxanthin might be present in Undaria pinnatifida and Laminaria ochroleuca, since this pigment represents only 49% and 52% of the total carotenoids present in these two algae extracts, respectively. These three algae belong to the same class, i.e., Phaeophyceae. Therefore, it could be expected that, based on their characteristics, namely their similar cellular structure, similar carotenoids contents would be obtained. However, the results suggest that the differences found may be related to species-inherent characteristics, or even to the different environmental factors to which they might have been exposed. Previous studies have reported that low-temperature seawater and stress from the environment might up-regulate fucoxanthin contents and be important on its accumulation [12]. Nevertheless, it is indisputable that fucoxanthin represents the main carotenoid pigment in all the brown algae herein studied.



Finally, regarding the contents of the two phycobiliproteins extracted from Porphyra spp. and Spirulina spp. (Table 4), the extracts obtained from the latter presented significantly higher values of phycocyanin than the extracts obtained from the former. In contrast, the content of phycoerythrin was slightly higher for Porphyra spp. extracts, although no significant differences (p > 0.05) have been detected between the two algae. These results are consistent with the literature, where phycocyanin is reported as the major pigment found in Spirulina spp. [33,62], while both phycoerythrin and phycocyanin pigments are responsible for the characteristic red color of Rhodophyta phyla, in which Porphyra spp. is included [62,72].



Overall, taking into account the results obtained for each seaweed, it can be concluded that their pigment composition is in line with the literature. First, regarding the brown algae, chl a, chl c, fucoxanthin, and β-carotene are recognized as the main pigments of these algae [62,68,70]. Fucoxanthin represents an important pigment of brown algae since it masks the chlorophylls and other carotenoids contents [62,72]. Thus, although the content of chlorophylls was higher than the carotenoids content and, in particular, higher than fucoxanthin content, the presence of this xanthophyll overlaps the presence of other pigments in a macroscopic point of view. In fact, brown algae have been receiving more and more attention in the scientific community due to their richness in this pigment, which has documented biological properties [12]. Concerning the red algae (Porphyra spp.), besides phycoerythrin and phycocyanin pigments responsible for its red coloration, other pigments are also present in this seaweed—namely chls a and d, and various carotenoids (β-carotene, α-carotene, lutein, zeaxanthin, violaxanthin, and fucoxanthin)—which may explain the high carotenoids content obtained [62,72]. Finally, for Spirulina spp. (the only microalgae studied in this work), high contents of both chl a and phycocyanin were found in our study. The combination of these two pigments is responsible for the characteristic blue-green color, thus explaining the current name of Cyanobacteria [62]. Notwithstanding, as previously mentioned, microalgae also contain an important quantity of carotenoids [68,69], which is in line with the results obtained in this study. All the results obtained in this research demonstrate the wide variety of pigments that can be found in marine algae, both in qualitative and quantitative terms. Therefore, there in an enormous interest in studying these organisms, since several biological properties have been attributed to each of these pigments.




4. Conclusions


Concerning the ability of the different solvents to extract chlorophylls from the samples, acetone proved to be a good extraction solvent for brown algae, but not for Spirulina spp. Moreover, comparing the chlorophyll contents of methanolic and acid-free methanolic extracts, the acidity of methanol negatively influenced the chlorophyll content of different algae and, particularly, the chlorophyll content of Laminaria ochroleuca. However, this item did not influence the carotenoids extraction. Ethanol revealed to be the less effective solvent to extract chlorophylls from all algae, especially from Porphyra spp. and Spirulina spp., which might be associated with some inherent characteristics of these algae. Regarding the content of different pigments in the different algae, the microalgae Spirulina spp. presented the highest levels of chlorophylls, carotenoids and phycobiliproteins, significantly different from all the studied macroalgae. Porphyra spp. also presented good levels of all these pigments, although much lower than Spirulina spp. in the case of chlorophylls and carotenoids contents. Regarding the three brown algae, Undaria pinnatifida presented the highest contents of chlorophylls, total carotenoids and fucoxanthin, followed by Laminaria ochroleuca. Himanthalia elongata presented the lowest results, although it appears to be almost constituted by fucoxanthin in what concerns to the carotenoids class.



Further studies are needed to determine the qualitative and quantitative pigment composition of these algae, using more accurate analytical methods, namely chromatographic techniques. This would allow extending the range of bioassays to evaluate their biological properties, potentially adding value to algae as a source of bioactive pigments.
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Figure 1. The chemical structure of the chlorophylls present in marine algae: (a) Chlorophyll a; (b) Chlorophyll b; (c) Chlorophyll c1; (d) Chlorophyll c2; (e) Chlorophyll d. 
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Figure 2. Chemical structure of the fucoxanthin. 
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Figure 3. Chemical structure of the phycobilins present in phycocyanin and phycoerythrin, respectively: (a) Phycocyanobilin; (b) Phycoerythrobilin. 
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Table 1. Content of chlorophylls and carotenoids extracted from three brown edible algae (Himanthalia elongata, Laminaria ochroleuca (Kombu), Undaria pinnatifida (Wakame)), a red one (Porphyra spp. (Nori)), and microalgae (Spirulina spp.) using different solvents. The results are expressed in μg/g of algae.
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Methanol

	
Methanol Acid Free

	
Ethanol

	
Acetone

	
DMF






	
Himanthalia elongata

	
Chl a

	
63.3 ± 4.7 b

	
60.3 ± 5.9 b

	
67.6 ± 3.2 b

	
156.7 ± 15.3 a

	
75.6 ± 6.2 b




	
Chl b

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Chl c

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Chl d

	
2.7 ± 0.2 c

	
4.5 ± 0.5 b

	
3.4 ± 0.3 b,c

	
11.5 ± 0.4 a

	
n.d.




	
Total chls

	
66.0 ± 4.8 b

	
64.8 ± 5.5 b

	
71.0 ± 3.3 b

	
168.2 ± 15.0 a

	
75.6 ± 6.2 b




	
Total carotenoids

	
2.3 ± 0.0 b

	
2.9 ± 0.3 a

	

	

	




	
Undaria pinnatifida

	
Chl a

	
349.0 ± 7.6 c

	
331.4 ± 28.8 c

	
321.3 ± 19.2 c

	
542.5 ± 32.7 a

	
436.5 ± 26.8 b




	
Chl b

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Chl c

	
n.d.

	
n.d.

	
n.d.

	
15.98 ± 1.60

	
n.d.




	
Chl d

	
3.27 ± 0.45 c

	
3.35 ± 0.37 c

	
4.32 ± 0.23 b

	
15.64 ± 0.83 a

	
n.d.




	
Total chls

	
352.2 ± 8.0 c

	
334.7 ± 29.1 c

	
325.6 ± 19.4 c

	
574.1 ± 33.2 a

	
436.5 ± 26.8 b




	
Total carotenoids

	
54.6 ± 1.3 a

	
54.2 ± 3.4 a

	

	

	




	
Laminaria ochroleuca

	
Chl a

	
143.1 ± 12.0 bc

	
111.2 ± 3.0 d

	
114.0 ± 4.5 cd

	
183.5 ± 14.8 a

	
160.5 ± 5.6 ab




	
Chl b

	
7.2 ± 0.4 c

	
12.3 ± 0.1 b

	
n.d.

	
14.1 ± 0.5 b

	
22.4 ± 1.4 a




	
Chl c

	
6.7 ± 0.6 c

	
12.7 ± 0.5 b

	
3.8 ± 0.3 d

	
17.9 ± 0.7 a

	
n.d.




	
Chl d

	
12.0 ± 0.4 b

	
20.7 ± 0.6 a

	
9.8 ± 0.2 b

	
19.8 ± 0.3 a

	
n.d.




	
Total chls

	
168.9 ± 13.1 b

	
156.8 ± 4.1 bc

	
127.7 ± 4.4 c

	
235.3 ± 15.4 a

	
182.9 ± 7.0 b




	
Total carotenoids

	
27.0 ± 2.4 a

	
24.4 ± 2.2 a

	

	

	




	
Porphyra spp.

	
Chl a

	
504.5 ± 22.9 ab

	
533.4 ± 20.3 a

	
431.9 ± 19.8 b

	
489.2 ± 7.8 ab

	
538.4 ± 39.3 a




	
Chl b

	
n.d.

	
n.d.

	
n.d.

	
7.2 ± 0.4

	
n.d.




	
Chl c

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Chl d

	
5.20 ± 0.2 c

	
8.83 ± 0.8 b

	
2.67 ± 0.2 d

	
16.25 ± 2.9 a

	
n.d.




	
Total chls

	
509.7 ± 28.0 a

	
542.2 ± 25.8 a

	
434.6 ± 24.5 b

	
512.7 ± 13.4 a

	
538.40 ± 39.30 a




	
Totalcarotenoids

	
70.8 ± 2.5 a

	
74.5 ± 3.8 a

	

	

	




	
Spirulina spp.

	
Chl a

	
9872 ± 499 a

	
9388 ± 191 a

	
996.0 ± 15.0 d

	
3766 ± 96 c

	
5179 ± 447 b




	
Chl b

	
105.0 ± 5.6 c

	
168.6 ± 14.9 b

	
n.d.

	
123.5 ± 4.2 bc

	
373.7 ± 30.3 a




	
Chl c

	
121.9 ± 12.7 b

	
275.3 ± 33.12 a

	
15.34 ± 0.84 c

	
n.d.

	
n.d.




	
Chl d

	
155.4 ± 11.1 a

	
159.9 ± 8.7 a

	
27.2 ± 1.8 c

	
84.6 ± 4.5 b

	
n.d.




	
Total chls

	
10253 ± 503 a

	
9991.4 ± 186.6 a

	
1038.5 ± 15.9 d

	
3974.3 ± 97.4 c

	
5553.0 ± 476.3 b




	
Totalcarotenoids

	
1263.9 ± 54.0 a

	
1238.6 ± 42.6 a

	

	

	








Data are presented as mean ± standard deviation. Within each line, different letters represent significant differences between results obtained with different extraction solvents, at p < 0.05.
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Table 2. Total chlorophylls and carotenoids contents and best extraction solvent for the analyzed samples (results expressed in μg/g of algae).
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	Total Chlorophylls
	Total Carotenoids





	Himanthalia elongata
	168.2 ± 15.0 b (Acetone)
	2.9 ± 0.3 b (Methanol acid-free)



	Undaria pinnatifida
	574.1 ± 33.2 b (Acetone)
	54.6 ± 1.3 b (Methanol)



	Laminaria ochroleuca
	235.3 ± 15.4 b (Acetone)
	27.0 ± 2.4 b (Methanol)



	Porphyra spp.
	542.2 ± 25.8 b (Methanol acid-free)
	74.5 ± 3.8 b (Methanol acid-free)



	Spirulina spp.
	10253 ± 503 a (Methanol)
	1263.9 ± 54.0 a (Methanol)







Data are presented as mean ± standard deviation. Within each column, different letters represent significant differences between results obtained for different algae, at p < 0.05.
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Table 3. Fucoxanthin content of brown edible algae (Himanthalia elongata, Laminaria ochroleuca (Kombu), Undaria pinnatifida (Wakame)) extracted using DMSO-water (4:1, v/v) as solvent. The results are expressed in μg/g of algae.
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	Fucoxanthin





	Himanthalia elongata
	2.79 ± 0.31 c



	Undaria pinnatifida
	26.81 ± 0.79 a



	Laminaria ochroleuca
	14.21 ± 0.31 b







Data are presented as mean ± standard deviation. Different letters represent significant differences between fucoxanthin content of the three brown macroalgae, at p < 0.05.
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Table 4. Phycoerythrin and phycocyanin contents of Porphyra spp. and Spirulina spp. extracted using phosphate buffer (Ph = 6.8). The results are expressed in μg/g of algae.






Table 4. Phycoerythrin and phycocyanin contents of Porphyra spp. and Spirulina spp. extracted using phosphate buffer (Ph = 6.8). The results are expressed in μg/g of algae.










	
	Phycoerythrin
	Phycocyanin





	Porphyra spp.
	8319 ± 288 a
	5305 ± 193 b



	Spirulina spp.
	8180 ± 301 a
	20732 ± 846 a







Data are presented as mean ± standard deviation. Within each column, different letters represent significant differences between the pigments content of the two algae, at p < 0.05.
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